ADDITIONAL INDEX WORDS. Brassicaceae, selenium nutrition, anticarcinogenic, isothiocyanates ABSTRACT. Glucosinolates are sulfur-containing secondary plant metabolites commonly found in the family Brassicaceae. The presence of selenium in soils increases the uptake of sulfur and inhibits the production of glucosinolates in brassicaceous plants. This study was undertaken to determine the extent of selenium's impact on sulfur uptake and glucosinolate production in Brassica oleracea L. Rapid-cycling B. oleracea plants were grown hydroponically in half-strength Hoagland's nutrient solution with selenium treatments delivered as sodium selenate concentrations of 0.0, 0.5, 0.75, 1.0, and 1.5 mgÁL
Plants in the family Brassicaceae play integral roles in the diets of the world's population. Brassica oleracea, for example, includes the following staple food cultivars: cabbage, broccoli, cauliflower, kale, kohlrabi, and brussels sprouts. Brassicaceous plants are also known for their production of the S-containing secondary plant metabolites, glucosinolates.
Glucosinolate concentrations in plants can significantly alter an animal's health. High-glucosinolate diets initiate such undesirable effects as enlargement of the thyroid gland, decreased organ weight, and obstruction of nitrogen nutrition pathways. Such diets are typically associated with grazing animals consuming large quantities of glucosinolate-containing forage. (Brown and Morra, 1997; Fahey et al., 2001; Louda and Mole, 1991; Rosa et al., 1997) . In contrast to the negative health effects associated with high-glucosinolate diets, moderated intake of glucosinolate-containing plants (as seen in humans) is associated with a decreased risk of cancer (Gross et al., 2000; Hecht, 2000; Zhang and Talalay, 1994) . When consumed, glucosinolates are broken down into their hydrolysis productsisothiocyanates-which in turn stimulate the activities of the anticarcinogenic phase II human enzymes.
The production of glucosinolates in brassicaceous plants is influenced by a number of factors, one of which is nutrition. A plant nutrient of specific interest is Se. Selenium is similar to S in both size and chemistry, and thus often substitutes for S in physiological and metabolic processes (Anderson and Scarf, 1983) . Charron et al. (2001) , for example, found that total glucosinolate production in rapid-cycling B. oleracea decreased when grown in the presence of sodium selenate. Furthermore, sulfate uptake has been shown to increase in B. oleracea with increasing selenate concentrations in nutrient solutions ranging from 0 to 9 mgÁL -1 (Charron et al., 2001; Kopsell and Randle, 1999; Toler and Sams, 2001) . Glucosinolate production in the aforementioned studies was not investigated at the narrow range of Se concentrations suitable for human consumption.
Selenium is essential to animal nutrition [humans have a daily requirement of 50-70 mgÁd -1 (U.S. Department of Agriculture, 2003) ] as a component of the enzymes glutathione peroxidase, selenoprotein P, and tetraiodothyronine 5#-deiodinase. In addition, studies have shown a dietary Se supplement of 100 to 200 mgÁd -1 results in a decreased incidence of such cancers as lung and prostate (Clark et al., 1996; Ip and Ganther, 1992; Ip et al., 1991; Lauchli, 1993) . However, daily intakes in humans exceeding 700 mgÁd -1 will result in toxicity (Levander 1982) . Given the importance of Se to mammalian nutrition, the beneficial anticarcinogen-inducing properties of small amounts of glucosinolate breakdown products, and the negative health effects that both glucosinolate breakdown products and Se can induce in excessive quantities, it is essential to elucidate further the Se-S relationship with regard to glucosinolate production in the widely consumed B. oleracea. The objectives of this study were therefore 1) to determine the concentrations at which sodium selenate can be present in media of hydroponically grown rapid-cycling B. oleracea and still yield plants with Se concentrations suitable for maximum human health benefit, 2) to determine the impact of Se on the production of glucosinolates in B. oleracea with a sodium selenate treatment range yielding Se concentrations in plant tissue most suitable for human health, and 3) to determine the impact of elevated sulfate in plant growing media on the uptake of S and production of glucosinolates by rapid-cycling B. oleracea, relative to the impact of Se on S uptake and glucosinolate production. Plant reservoirs were placed under one of three sets of highintensity metal halide lamps. Four circular holes were cut in a staggered arrangement in the lid of each reservoir. Oasis cubes were cut to match the circular lid holes such that each cube could slide through the hole with the uncut section of the cube resting on the lid. The length of the cube hanging through the bottom of the lid was sufficient to come in contact with 1.8 L nutrient solution after it was added to the reservoir base and the lid was settled into place. Thus, the oasis material acted as a wick, supplying moisture to germinating seeds and nutrients to young roots. At the beginning of the experiment, two seeds were sown in each Oasis cube, covered with a tiny crumble of spare Oasis cube material, and lightly watered with 4 mL distilled deionized H 2 O. After germination, one of the plants was removed to establish initial uniformity in size among all plants in the experiment.
Materials and
The height of each lamp set above the reservoirs was adjusted to provide the highest PAR value while maintaining as much uniformity in light intensity at all reservoirs as possible. After lamp height from each reservoir was established, the distance from lamps to plant was maintained as the plants grew by raising the lamps. Using a light intensity meter, the PAR value at each reservoir's position was recorded.
One week after germination and the appearance of the first true leaves, treatments were initiated. There were five replications of each treatment, with an individual reservoir representing an experimental unit. The treatments consisted of the control (half-strength Hoagland's nutrient solution, containing no Se), four Se treatments (0.5, 0.75, 1.0, and 1.5 mgÁL ). Twenty-nine to 30 d after seeds were planted, just before anthesis, all plants were harvested. At the time of harvest, plant height and stem width measurements were taken. Leaves, stems, and roots from each reservoir were bagged and immediately frozen in a -30°C freezer. When frozen, all tissue was lyophilized to remove water content for dry biomass determination and to prevent glucosinolate degradation. GLUCOSINOLATE ANALYSIS OF LEAF TISSUE. Glucosinolates in lyophilized leaf tissue were extracted and analyzed by highperformance liquid chromatography on an HP1050 Series pump with variable Wavelength 1050 Series Detector (Hewlett Packard, Palo Alto, Calif.) via a method outlined by Charron et al. (2001) . Identification of desulfonated glucosinolate peaks was determined by running the desulfonated glucosinolate standards glucoiberin, progoitrin, epiprogoitrin, sinigrin, sinalbin, gluconapin, glucobarbarin, glucotropaeolin, glucobrassicin, 4-methoxyglucobrassicin, gluconasturtiin, glucoraphanin, and neoglucobrassicin on a liquid chromatograph using the previous method and then comparing retention times of standards with samples. These desulfoglucosinolates have previously been verified by gas chromatography mass spectrophotometry by Christensen et al. (1982) . Analysis was performed on a Chemstation software module (version 6.03; Hewlett Packard).
NUTRIENT ANALYSIS OF LEAF TISSUE. Selenium content of leaf tissue was determined at the University of Georgia, Department of Horticulture via a method outlined by Kopsell and Randle (1997a) . Total S content of leaf tissue was determined by combusting 0.2 g leaf tissue on a LECO CNS-2000 analyzer (Leco Corp., St. Joseph, Mich.) at the University of Tennessee, Department of Plant Sciences. In addition to Se and total S content, sulfate concentrations of leaf tissue were determined at the University of Georgia, Department of Horticulture via methods outlined by Randle et al. (2002) .
EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS. Because there were temperature differences between the three sets of lamps, and temperature has been reported to influence the production of glucosinolates in B. oleracea (Charron et al., 2005) , the experiment was blocked by temperature. The space under each of the three lamp sets represented one block, for a total of three blocks. Because an equal number of replications of each treatment could not be fit under each lamp set, the experimental design was an unbalanced, incomplete block design.
Light intensity can cause variations in plant growth physiology. The PAR value under each lamp set varied between 300 to 450 mmolÁm -2 Ás -1 from one reservoir position to the next. The exact PAR value at each reservoir's position was recorded and a covariate for this factor was included as part of the experimental design. The full experimental design, therefore, was an unbalanced, incomplete block design with a covariate on light intensity. Statistical analysis of data was performed using SAS (version 9.00 for Windows; SAS Institute, Cary, N.C.).
Results and Discussion
GENERAL PLANT HEALTH. Neither stem width nor tissue biomass was statistically significantly different among treatments (Table 1 ). Plants exposed to 1.5 mgÁL -1 sodium selenate exhibited a 38% decrease in height when compared with control plants, however. This is not surprising. Although rapid-cycling B. oleracea are Se hyperaccumulators, Se is not an essential macronutrient or micronutrient to plants, and can therefore act as a stress factor and reduce height. Plants exposed to the 37 mgÁL -1 sulfate treatment and the 37 mgÁL -1 sulfate/0.75 mgÁL -1 selenate treatment were statistically taller than plants in all Se treatments (Table 1) . GLUCOSINOLATES. The glucosinolates extracted from the rapid-cycling B. oleracea plants and identified by high-performance liquid chromatography as desulfoglucosinolates were glucoiberin, progoitrin, glucoraphanin, sinigrin, gluconapin, glucobrassicin, and neoglucobrassicin. All glucosinolates identified in rapid-cycling B. oleracea were identified in the B. oleracea plants: white cabbage, red cabbage, savoy cabbage, brussels sprouts, kale, cauliflower, and kohlrabi (Ciska et al., 2000) . Low/trace concentrations of 4-methoxyglucobrassicin, 4-hydroxyglucobrassicin, and gluconasturtiin were also reported in these plants and broccoli, but were not accurately detectable in the rapid-cycling plants (Ciska et al., 2000; Kushad et al., 1999) .
Overall, total glucosinolate concentrations in rapid-cycling B. oleracea were higher in the elevated sulfate treatment. This is consistent with increases in total glucosinolate concentrations observed in Brassica napus L. and Brassica rapa L. grown under increasingly elevated S regimes (Mailer, 1989) . This is the first report on the influence of elevated S on glucosinolate production in rapid-cycling B. oleracea. The dearth of research on elevated S influencing glucosinolate production in B. oleracea is most likely the result of most cultivars of this species being consumed in relatively small quantities by humans. B. napus, on the other hand, is consumed in larger quantities as high-protein meal by livestock. The negative health impacts associated with the consumption of large quantities of glucosinolates have thus spurred S research with B. napus, whereas S influences on B. oleracea remain largely unexamined.
Individually, the production of glucoiberin and glucoraphanin decreased with increasing Se concentrations in nutrient solutions (P < 0.01). Plants that underwent the 1.5 mgÁL -1 selenate treatment exhibited a 58% and 68% reduction in the production of glucoiberin and glucoraphanin respectively when compared with plants in the control treatment. Furthermore, plants exposed to elevated sulfate levels in nutrient solution exhibited a significant increase in both glucoiberin and glucoraphanin production, with concentrations 11% and 16% higher respectively than the control. Plants in the 0.75 mgÁL -1 selenate/ 37 mgÁL -1 elevated sulfate treatment had glucoiberin and glucoraphanin production equal to plants in the 0.5 mgÁL -1 selenate treatment (Table 2) .
The R-groups of glucoiberin and glucoraphanin are both derived from methionine. Unlike other glucosinolates investigated with R-groups that are derived from methionine, glucoiberin and glucoraphanin retain the S atom from methionine. In addition, recent experiments with the genetic control of the final side-chain modification step in the biosynthesis of both glucoiberin and glucoraphanin have revealed that both are controlled by the same genetic alleles at the Gsl-oxid locus (defined as a specific location on a chromosome) of the plant's chromosome (Halkier and Du, 1997; Kliebenstein et al., 2001) .
Progoitrin production was not significantly affected by any of the treatments (P = 0.25; data not shown). Like glucoiberin and glucoraphanin, the amino acid precursor for progoitrin is methionine. However, unlike the other glucosinolates identified in rapid-cycling B. oleracea in this experiment, progoitrin does not retain the S from methionine, and its final side-chain modification is controlled by alleles at the Gsl-oh locus of the plant's chromosome (Halkier and Du, 1997; Kliebenstein et al., 2001) .
Like glucoiberin and glucoraphanin, the production of sinigrin (P < 0.01) and gluconapin (P < 0.05) was significantly hindered by the presence of Se in nutrient solutions. Unlike glucoiberin and glucoraphanin, however, the decrease in sinigrin and gluconapin concentrations was a sharp drop in production at any Se exposure (%34% to 38% less than control plants) rather than a gradual decrease with increasing treatment concentrations. There were no notable differences in glucosinolate concentrations among the Se treatments themselves. The 37 mgÁL -1 sulfate treatment yielded higher sinigrin and gluconapin concentrations than control plants, with concentrations being 4% and 16% higher respectively. Plants in the 0.75 mgÁL -1 selenate/37 mgÁL -1 sulfate treatment had sinigrin concentrations falling between controls and Se treatment plants (Table 2) . Interestingly, gluconapin concentrations in plants in the 0.75 mgÁL -1 selenate/37 mgÁL -1 sulfate treatment were significantly higher than any other treatment, including 9.5% higher than the 37 mgÁL -1 sulfate treatment. Like glucoiberin, glucoraphanin, and progoitrin, the R-groups of sinigrin and gluconapin are derived from methionine. However, sinigrin and gluconapin do not retain the S from methionine within their molecular structures. Unlike all three aforementioned glucosinolates, final side-chain modification of sinigrin and gluconapin is controlled by alleles at the Gsl-alk locus of the plant's chromosome (Halkier and Du, 1997; Kliebenstein et al., 2001) .
Glucobrassicin concentrations in leaf tissue were decreased by the presence of Se in nutrient solutions (P < 0.05). Plants in elevated sulfate treatment had the lowest concentrations of glucobrassicin at 22% less than that of the 1.5 mgÁL -1 selenate treatment (Table 2) .
Unlike glucobrassicin, neoglucobrassicin concentrations were not significantly affected by any of the treatments (P = 0.17). Although statistical nonsignificance precludes the drawing of any conclusions about possible trends in neoglucobrassicin production, the concentrations of this glucosinolate appear to behave similarly to that of glucobrassicin. Further experimentation with greater treatment replication might eliminate the experimental variation causing the statistical nonsignificance (Table 2) .
Because data on the genetic control of the biosynthesis of individual glucosinolates has only begun to be elucidated by researchers in recent years, information on the alleles controlling side-chain modification in glucobrassicin and neoglucobrassicin is currently unavailable. However, it is known that the amino acid precursor for the R-group of these two glucosinolates is tryptophan rather than methionine. This difference in R-group amino acid precursor may help to explain the differences in production of glucobrassicin and neoglucobrassicin, relative to the other glucosinolates analyzed.
The production of the individual glucosinolates in this study appears to follow patterns based on the R-group. The concentrations of glucoiberin and glucoraphanin, for example, decreased with increasing Se concentrations in nutrient solution. This could be the result of their R-group retention of the S from their amino acid precursor and regulation by the same alleles at the Gsl-oxid locus. Sinigrin and gluconapin, both belonging to the straight-chain R-group and controlled by alleles at the Gsl-alk locus, behaved similarly in that the inhibition in their production did not increase with increasing Se concentrations in nutrient solution. The production of glucobrassicin and neoglucobrassicin, both belonging to the indole R-group with tryptophan as an amino acid precursor, showed a greater increase in concentrations at the elevated S treatment when compared with other glucosinolates. Progoitrin, the production of which is controlled by alleles at the Gsl-oh locus, also differed from other glucosinolates analyzed in that it was unaffected by the treatments used.
The observed patterns of glucosinolate production and their association to specific regions of the plant chromosome responsible for the modification of their R-group side chains is significant. It suggests that the influence Se exerts on glucosinolate production in B. oleracea may extend to the genetic level. Hence, presence of Se in a plant may not only affect glucosinolate production at the site of glucosinolate biosynthesis, but it may affect the genetic control of glucosinolate biosynthesis as well.
NUTRIENT ANALYSIS OF LEAF TISSUE. Selenium content of leaf tissue increased with increasing Se concentrations in nutrient solution. Means ranged from 0 to 373 mgÁg ), associated with a decreased risk of cancer in humans, occurred at the Se treatments of 0.5 mgÁL -1 and 0.75 mgÁL -1 (with concentrations of 178 mgÁg -1 and 218 mgÁg -1 respectively). Plants (Hamilton and Beath, 1964) . The fact that the broccoli and cabbage were grown in soil may explain the lower Se concentrations in their tissue when compared with hydroponically grown rapid-cycling B. oleracea plants exposed to lower selenate concentrations. Some of the selenate molecules administered would adhere to soil particles, making them less available to the plants for uptake. Furthermore, the increase of Se concentrations in soil-grown B. oleracea cultivars by application of selenate fertilizer suggests that it may be readily possible to produce niche crops of Se-enriched B. oleracea with Se concentrations ranging from 150 to 200 mgÁg -1 . Sulfur content is expressed in percent S per gram dry weight. The percentage of S content in leaf tissue was significantly affected by Se and S treatments (P < 0.01). Sulfur concentrations in leaf tissue increased from 1.2% to 1.8% as Se concentrations in nutrient solution increased. The percentage of S content of plants exposed to the elevated S treatment was similar to that of plants exposed to the 0.75 mgÁL -1 selenate treatment. Plants exposed to the 0.75 mgÁL -1 selenate/37 mgÁL -1 sulfate treatment had a S content in their leaf tissue equal to that of plants exposed to the 1.0 mgÁL -1 selenate treatment (Fig. 1) .
Sulfate content of leaf tissue (in milligrams per gram) reflected the trends of percent S content. Selenium and S treatments significantly influenced the concentration of sulfate in rapid-cycling B. oleracea plants (P < 0.01). Increasing Se concentration in nutrient solutions resulted in an increase in sulfate concentrations in leaf tissue, ranging from 46.4 mgÁg -1 in the control treatment to 65.9 mgÁg -1 in the 1.5 mgÁL -1 selenate treatment. Plants exposed to elevated sulfate in nutrient solutions had sulfate concentrations in their leaf tissue equal to that of plants in the 0.5 mgÁL -1 selenate treatment. Plants in the 0.75 mgÁL -1 selenate/37 mgÁL -1 sulfate treatment had mean sulfate concentrations in their leaf tissue equal to that of plants in the 1.0 mgÁL -1 selenate treatment (Fig. 2) . These results are consistent with findings by Charron et al. (2001) , Kopsell and Randle (1999) , and Kopsell et al. (2000) . In other words, in rapid-cycling B. oleracea, Se either upregulates or prevents the downregulation of S uptake by the plant's roots. The findings of the current study take this interesting phenomenon a step further. Selenium upregulates S acquisition such that it equals or exceeds that of plants given elevated S.
A potential way in which the presence of Se within the plant might prevent the downregulation of S uptake is by incorporating it into the protein glutathione. If Se, in the form of selenocysteine, were incorporated into glutathione rather than cysteine, the slight chemical differences of Se from S could potentially interfere with the protein's proper functioning. A similar influence on S concentrations as a result of Se in growing medium is seen in Allium cepa L. plants (Kopsell and Randle, 1997b) .
The percent S content of rapid-cycling plants in the control and elevated S treatment was about equal to the percent S content of various cultivars and cultivars of commercially grown B. oleracea reported by Albrecht et al. (1990) and Gupta and Monro (1969) . Although a number of cancer prevention studies have been conducted in which commercially grown cultivars of B. oleracea have been enriched with Se (Davis et al., 2002; Stoewsand et al., 1989) , S content of those plants was not reported.
Conclusion
A primary research objective of this project was to determine what Se concentrations in growing media produced B. oleracea plants with maximum nutritional value. If maximum nutritional value can be achieved without a significant decrease in plant biomass or glucosinolate production, the potential for a commercial niche crop with optimum levels of human-essential nutrients is feasible.
The increase of S in the tissue of plants exposed to Se concentrations in hydroponic growing media, such that their S content was equal to or exceeded that of plants exposed to elevated sulfate levels in nutrient solution, suggests that Se upregulates, or prevents the downregulation of, S uptake in B. oleracea. Despite higher S concentrations in plants exposed to the selenate treatments, production of five of the seven glucosinolates was lower in Se-exposed plants. The availability of S, and the lack of S-containing glucosinolates, suggest that Se interferes with glucosinolate metabolism. The 0.75 mgÁL -1 selenate/37 mgÁL -1 sulfate treatment supports this conclusion in the case of glucoiberin, glucoraphanin, and sinigrin.
Although the production of sinigrin, glucoraphanin, and glucobrassicin (three glucosinolates with catabolism products that are inducers of anticarcinogenic phase II enzymes) was decreased by the presence of Se, concentrations of these glucosinolates at the 0.5 mgÁL -1 selenate treatment was still relatively high. The 0.5 mgÁL -1 selenate treatment that had %180 mgÁg -1 Se in leaf tissue, which is close to the 200 mgÁg similar Se concentrations in plant tissue (Hamilton and Beath, 1964) . It may therefore be possible to produce a crop of B. oleracea vegetables that not only have preexisting anticarcinogen-inducing health benefits from glucosinolates, but have the added health benefit of appropriate amounts of Se as well.
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